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The persistent photoinduced changes in the critical temperature TC and the normal state
conductivity of ~Y0.5Ca0.5!Ba2Cu3Od thin films are studied. Previously such effects have been
observed only in underdoped YBa2Cu3Od or YSrxBa22xCu3Od, which always lead to the
enhancement of both TC and conductivity. The current system can be doped from the underdoped
regime to the overdoped regime by increasing its oxygen content. The photoinduced TC reduction
in the overdoped films is observed. The simultaneous enhancement of conductivity is consistent
with the interpretation that photoillumination always increases hole concentration in the ‘‘123’’
systems. © 1997 American Institute of Physics. @S0003-6951~97!00148-4#The persistent photoinduced effects in the YBa2Cu3Od
~YBCO! system was first discovered by Kudinov et al.1 and
subsequently verified and extended to other ‘‘123’’ systems
by a number of research groups.2–8 All the systems for which
such effects have been previously demonstrated are under-
doped with a Cu-O chain structure. The common features are
persistent photoinduced conductivity ~PPC! accompanied by
an increase in TC when the thin film samples are illuminated
by optical light at low temperatures. As the temperature in-
creases to room temperature, the sample gradually recovers
its original conductivity and TC . The recovery times for dif-
ferent ‘‘123’’ systems vary a great deal, from seconds for
Y(Ba12xSrx)2Cu3Od to days for YBCO at room temperature.
Among the several mechanisms that have been proposed to
explain the PPC effects, three have received more attention.
The first one, by Kudinov et al.,2 assumes that the photoge-
nerated holes go to the CuO2 plane while the photogenerated
electrons become trapped in the localized O2 level in the
CuO chain. The potential barrier for the mobile holes to re-
combine with the trapped electrons can be sufficiently high
such that the photoinduced hole-doping effect essentially
lasts forever at low temperatures. The second mechanism,
proposed by Osquiguil et al.,5 assumes that photoinduced
charges in the CuO chains promote longer CuO chains,
which in turn can transfer additional holes to the CuO2 plane
by the well-known oxygen ordering effect in YBCO.9 It is
known that the thermally activated oxygen movement can
take hours even at room temperatures. More recently, Hasen
et al.10 proposed a third model which is similar to the one by
Kudinov, except that the photogenerated electrons are
trapped in the oxygen vacancies instead of O2 in the CuO
chains. All three models can qualitatively explain the PPC
effects, but it has not been easy to differentiate them experi-
mentally. There is some experimental evidence6,7 to support
the Osquiguil model. However, there is also other
evidence10–12 that discredits it. Even the research group that
originally came up with this model has provided new experi-
mental evidence10 to disprove it. The mechanism issue ap-
parently has not been completely settled yet. Furthermore,
there is still no explanation for the vastly different relaxation
times in different systems with the same deficient CuO
chains. In addition, such an effect in an overdoped ‘‘123’’
system has not been studied previously. In this letter we3284 Appl. Phys. Lett. 71 (22), 1 December 1997 0003-6951
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can be doped from the underdoped to the overdoped regime
by varying its oxygen content, and a discussion that relates
our experimental results to the three models.
Substitution of one Ca12 for one Y13 is expected to
generate one hole carrier if the oxygen content remains con-
stant. However, it has been found that oxygen vacancies are
also introduced with Ca substitution, thus the hole carrier
generation is reduced somewhat.13–15 Using the iodometric
titration method, the oxygen content is found to be less than
seven for samples even fully oxygenated in one atmosphere
pressure of oxygen.16 Nevertheless, the lower TC of such a
sample with maximum oxygen content is an indication of
hole overdoping. Using the bulk solid reaction process the
maximum Ca substitution without introducing any second
phase is found to be about 20%.13 It has been demonstrated14
that one can grow 100% pure phase (Y12xCax)Ba2Cu3Od
thin films with x up to 0.7 by using the laser deposition
method. We have reproduced these results using our laser
deposition system. The deposition condition is characterized
by 720–760 °C substrate temperature, 400 mbar of oxygen
atmosphere, and 120 mJ laser pulses from an excimer laser
with l5248 nm. No impurity phases are found from x-ray
and EDX data. In addition, our ICP measurement indicates
that the overall atomic ratio of the thin film is nearly equal to
that of the nominal composition. After deposition, the film is
annealed in nearly one atmosphere of O2 at 450 °C for one
hour in the deposition chamber. This as-grown film has the
maximum oxygen content based on its c-axis lattice
constant14 determined by the x-ray diffraction data. Different
degrees of oxygen depletion of the thin film sample are
achieved by annealing it at 450 °C for two hours in an oven
with a controlled oxygen partial pressure. The temperature
dependence of the resistance of a particular sample,
~Y0.5Ca0.5!Ba2Cu3Od, is shown in Fig. 1 for different oxygen
annealing pressures. Note that the normal state resistivity
increases monotonically as the oxygen content decreases,
while TC increases initially and reaches a maximum value of
85 K before dropping down. We have also determined the
hole carrier concentration by Hall measurements. The results
with other relevant parameters are tabulated in Table I,
which clearly demonstrates that (Y12xCax)Ba2Cu3Od can in-/97/71(22)/3284/3/$10.00 © 1997 American Institute of Physics
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states by controlling its oxygen content.
The sample is mounted in a closed-cycle He4 optical
dewar with a temperature range from 8 K to room tempera-
ture. The PPC effect is determined by illuminating the thin
film sample of 5 mm35 mm in size with an Ar-ion laser
beam of about 5 mm in diameter. The wavelength and the
power of the laser beam used are 514.5 nm and 0.5 W, re-
spectively. The resistance is measured by using the standard
van der Pauw method before and after the laser illumination.
The laser illumination produces a much weaker PPC effect
for the as-grown sample than for those annealed under less
oxygen partial pressure. Although there is experimental
evidence6 that the absence of PPC indicates the absence of
oxygen vacancies in YBCO, it is not clear whether the same
conclusion holds for the Ca-substituted samples. It is difficult
to measure the oxygen concentration with a reasonable accu-
racy for thin film samples. We speculate that the oxygen is
already deficient in the as-grown sample because the oxygen
concentration has been determined16 to be less than seven for
bulk samples annealed under similar conditions. The phe-
nomenon is similar to that of the Y(SrxBa22x)Cu3Od
system.8 The following statement seems to be true in gen-
eral: The PPC effect is negligibly small for any ‘‘123’’ sys-
tem fully annealed in one atmosphere of oxygen, indepen-
dent of whether the oxygen in the sample is deficient or not.
If this is true then it seems contradictory to both the Kudinov
and the Hasen models. However, the absence of the PPC
effect could be consistent with the Osquiguil model, since it
FIG. 1. The resistance-vs-temperature curves for a ~Y0.5Ca0.5!Ba2Cu3Od thin
film with different oxygen contents.
TABLE I. Measured physical properties of oxygen deficient







nH at 200 K
(1021 cm23)
r at 200 K
(1026 V cm)
as-grown 67.5 11.751 8.5 87
100 81.3 11.790 8.4 129
30 82.7 11.824 7.8 148
16 84.0 11.830 6.3 183
10 82.7 11.864 5.5 197
7 75.2 11.883 5.1 393Appl. Phys. Lett., Vol. 71, No. 22, 1 December 1997
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in the CuO chains by oxygen reordering if the vacancies are
created by Ca substitution rather than oxygen out-diffusion.
Different oxygen contents in our thin film samples are
achieved by annealing them at 450 °C for two hours under
different oxygen pressures. For convenience, we label our
samples by the annealing oxygen pressure. Figure 2 shows a
typical PPC effect on the R – T curves from 8 to 300 K for
the sample annealed under 10 mbar O2 pressure. The R – T
data is always taken in the warming cycle to ensure better
temperature homogeneity and more accurate temperature
readings. Even though the rate of temperature increase is not
constant, it is still clear from Fig. 2 that the sample resistance
relaxes back to its original value much quicker at tempera-
tures above 260 K, which is very different from the
YBa2Cu3Od system whose relaxation time is of the order of
days near room temperature. Once again, this behavior is
similar to that of the Y(SrxBa22x)Cu3Od system. It seems
that the intrinsic oxygen deficiency of the system promotes
quicker relaxation of the PPC effect. It is not obvious why it
is the case based on either the oxygen ordering mechanism
or the two different charge transfer models. It is also clear
that PPC effect reduces the sample resistance substantially,
while TC is only enhanced by about 0.8 K ~not visible in Fig.
2!.
To illustrate the differences of PPC effect on underdoped
and overdoped samples, we show the R – T curves for
samples annealed at 8.5 mbar O2 and annealed at 50 mbar O2
in Figs. 3 and 4, respectively. From Table I, it is clear that
the sample annealed at 8.5 mbar O2 is underdoped, while the
one annealed at 50 mbar O2 is overdoped. Figure 3 shows the
typical PPC effect for an underdoped sample, namely the TC
increases and resistance decrease monotonically with the la-
ser illumination time. After two hours illumination, the TC
enhancement saturates at 2 K. For the overdoped sample in
Fig. 4, both the TC and resistance decreases with the laser
illumination time. This behavior is consistent with the pic-
ture that the illumination introduces more holes in the CuO2
plane.
It is interesting to note that the PPC effect can be used to
optimize TC for such a system. To demonstrate this, we pick
FIG. 2. The resistance behavior before and after photoillumination for
~Y0.5Ca0.5!Ba2Cu3Od thin film annealed at 10 mbar O2 pressure.3285Lin et al.
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doped. Figure 5 shows its R – T curves corresponding to sev-
eral laser dosages. The TC increases initially and then re-
duces from its maximum value with further illumination. The
resistance at temperatures far above TC , on the other hand,
always decreases monotonically. This also demonstrates that
the PPC effect can be used as a sensitive indicator of whether
any given ‘‘123’’ sample is overdoped, optimal doped, or
underdoped.
In summary, we have studied the PPC effect for
(Y12xCax)Ba2Cu3Od system. The samples under study are
high quality laser-deposited epitaxial thin films. The sample
can be changed from the overdoped regime to the under-
doped regime by annealing in a controlled oxygen atmo-
sphere. The overdoping and underdoping states are verified
by the TC and Hall measurements for samples with different
FIG. 3. The photoillumination effect near the transition region of the
~Y0.5Ca0.5!Ba2Cu3Od thin film annealed at 8.5 mbar O2 pressure.
FIG. 4. The photoillumination effect near the transition region of the
~Y0.5Ca0.5!Ba2Cu3Od thin film annealed at 50 mbar O2 pressure.3286 Appl. Phys. Lett., Vol. 71, No. 22, 1 December 1997
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illumination always introduces more holes in the CuO2 plane
regardless of its overdoping or underdoping status. The PPC
effect is negligible for samples fully annealed in one atmo-
sphere of oxygen even though the oxygen vacancies might
be already present according to oxygen concentration mea-
surements for bulk samples.
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